Cytokines act in an autocrine and/or paracrine fashion to induce a diverse variety of biological responses. Several cardiac diseases are associated with cytokine activation, and such activation significantly influences several physiologic parameters, including cardiac mechanical function. This review summarizes the current concepts regarding the modulation of myocardial function by cytokines and provides rationale for the sometimes-conflicting results in the literature regarding underlying mechanisms and patterns of dysfunction. Although traditionally considered cardiodepressant mediators, contractile responses are complex and bimodal, with an early response (within minutes) of variable direction, stimulatory or depressant, depending on the ambient physiologic milieu and relative contributions of the underlying signaling pathways that are activated. These pathways include sphingomyelinase-, nitric oxide (NO)-, and phospholipase A2-dependent signaling with resultant combined effects on contraction and the Ca 2ϩ transient. This is subsequently followed by a profoundly cardiodepressant late response lasting hours to days, depending on the production of secondary mediators and the combined influence of NO generated from inducible NO synthase, reactive oxygen species, and alterations in ␤-adrenergic receptor signaling. The interrelationships between these pathways and the time-dependence of their activation are important considerations in the evaluation of cytokine-dependent dysfunction during both acute cardiac injury and chronic cardiac pathologies. (Circ Res. 2004;95:1140-1153.) 
C ytokines are polypeptide or glycoprotein factors that under normal conditions act in an autocrine and/or paracrine fashion via specific membrane-bound receptors to signal a variety of physiological responses. Although traditionally classified as pro-or antiinflammatory proteins, cytokines impart diverse and pleiotropic biologic effects, and in response to environmental stress, these proteins are elaborated by a variety of cells, including all resident cell types in the myocardium. A broad range of cardiac disease has been associated with cytokine activation. These include heart failure, 1,2 cardiac reperfusion injury, 3 myocarditis, 4 cardiac allograft rejection, 5 and sepsis-associated cardiac dysfunction. 6 -8 Cytokines can impact myocardial function via effects on both myocyte contractility and the extracellular matrix. This review focuses on the former, ie, the manifestations and mechanisms of cytokine effects on intrinsic contractility and mechanical function. Although modulation of the interstitial matrix is also an important contributor to cytokine-mediated myocardial dysfunction (see Bradham et al 9 and Li et al 10 for review), proper consideration of these events is beyond the scope of this review. The ensuing discussion will primarily examine the proinflammatory cytokines tumor necrosis factor ␣ (TNF-␣), interleukin (IL)-1␤, and IL-6 and the immunomodulatory cytokine IL-2, insofar as these mediators have received the greatest attention in the literature. Although these cytokines are typically considered to impart negative inotropic effects, the nature and pattern of the inotropic response is complex, consisting of an immediate response within minutes that can be either stimulatory or depressant, depending on the experimental conditions and physiologic milieu, and a delayed response lasting hours to days that is uniformly cardiodepressant and dependent on the production of secondary mediators. The cellular mechanisms underlying these effects are multiple. Nitric oxide (NO) derived from constitutive NO synthase (cNOS), sphingolipid mediators, arachidonic acid (AA), and alterations in intracellular Ca 2ϩ handling have all been shown to contribute to the immediate contractile effects, whereas the delayed response results primarily from the combined influence of NO generated from inducible NOS (iNOS), the production of reactive oxygen species (ROS), and alterations in ␤-adrenergic receptor (␤-AR) signaling.
Hemodynamic and Mechanical Effects of Proinflammatory Cytokines In Vivo Studies
The notion that proinflammatory cytokines induce left ventricular (LV) dysfunction was first gleaned from animal and human studies of sepsis. These established that sepsisassociated cardiac dysfunction was caused by circulating myocardial depressant substances, later identified, in large part, to be inflammatory cytokines (including TNF-␣, IL-1␤, IL-6, IL-2, and interferon-␥ [IFN-␥]). 7, 8 In intact animals, intravenous administration of either TNF-␣ [11] [12] [13] or IL-1␤ 12 recapitulated the hemodynamic changes of endotoxemia and endotoxic shock, whereas the administration of either IL-1␤ receptor antagonist 14 or anti-TNF-␣ antibodies 6, 15 ameliorated the cardiovascular abnormalities and mortality. In addition to these insights from studies of sepsis, it was noted that immunomodulatory therapy for cancer using TNF-␣ and IL-2 was limited by dose-dependent cardiovascular depression and negative inotropy. 16, 17 These observations were extended by studies in rats demonstrating that sustained infusion of TNF-␣ caused time-dependent contractile dysfunction and LV dilatation that was partially reversed by stopping the infusion or on concomitant treatment with a TNF-␣ antagonist, 18 and studies in dogs showing that intracoronary injection of IL-1␤ coated microspheres induced sustained LV dysfunction. 19 This concept was subsequently confirmed by the observation that cardiac-specific TNF-␣ overexpression in mice induced LV dilatation, reduced ejection fraction, depressed catecholamine responsiveness, and premature mortality. 20 Several studies have specifically evaluated the in vivo effects of cytokines on cardiac function, often using TNF-␣ as a prototypic proinflammatory cytokine (Table 1) . Early studies in conscious dogs indicated that a single infusion of recombinant human (rh) TNF-␣ resulted in the delayed appearance (2 hours to 2 days postinfusion) of LV systolic dysfunction, as assessed by the load-sensitive index LV ejection fraction, that could persist for up to 10 days, depending on the dose administered. 13, 21 The decline in left ventricular ejection fraction was not normalized by volume resuscitation, suggesting intrinsic cardiac dysfunction rather than a preload-dependent response. Subsequent investigations using LV pressure-volume (or pressure-dimension) indexes confirmed the delayed onset of LV dysfunction following TNF-␣ infusion (from 2 to 24 hours after initiation of the infusion, depending on the contractile parameter examined), as assessed by the relatively load-independent parameters end-systolic elastance (E es ), preload-recruitable stroke work (PRSW), or peak dP/dt normalized for end-diastolic volume (EDV) [22] [23] [24] [25] (Figure 1 ). Reduced LV performance has also been associated with several diastolic abnormalities including slowing of relaxation, LV dilatation without changes in 
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end-diastolic pressure (myocardial creep), and a leftward shift of the end-diastolic pressure-strain relation, indicating increased diastolic stiffness. Prolonged depression of LV performance in vivo has also been observed in a canine model using intracoronary administration of IL-1␤ coated microspheres. 19, 26, 27 Generally, cytokine-mediated contractile dysfunction is reversible over an extended time period of several days following exposure. 13, 18, 19, 21, 22, 24, 26, 27 In contrast, the few studies that have examined the immediate contractile effects of cytokines in vivo have generally reported a distinct early stimulatory effect of TNF-␣ on inotropy and lusitropy 22, 24, 28 (Table 1 ). (One other study reported no detectable early effect 23 .) Specifically, within the first 1 to 3 hours after TNF-␣ administration, there is an augmentation of several contractility indexes including E es , the slope of the dP/dt max -EDV relation, and dP/dt max normalized for EDV, together with a leftward shift of the PRSW relation and a reduction in the time constant of relaxation, (Figure 1 ). Importantly, the increase in contractility and lusitropy was not related to variations in heart rate or to cardiovascular reflex responses, as they persisted in the presence of ␤-AR and vagal blockade, and occurred before the maximal surge in circulating catecholamines. 24 Thus, taken together, the aforementioned in vivo studies indicate that proinflammatory cytokines induce a biphasic effect on intrinsic cardiac function comprised of an early positive inotropic and lusitropic effect of relatively short duration (demonstrated primarily for TNF-␣), followed by a delayed and prolonged phase of profound systolic and diastolic dysfunction (shown for both TNF-␣ and IL-1␤). The rapid onset of the early stimulatory response (as early as 5 to 15 minutes in one study 24 ) suggests a direct myocardial effect via mechanisms not requiring gene expression, whereas the delayed onset and prolonged duration of the late cardiode-pressant response suggest an indirect effect requiring the induction of de novo gene expression and protein synthesis and the activation of secondary mediators. Generally, proinflammatory cytokines can be considered to impart negative inotropic and cardiodepressant effects in pathophysiological states with sustained, chronic augmentation of cytokine expression.
In Vitro and Ex Vivo Studies
Analogous to investigations in vivo, a biphasic contractile response has also been observed in single myocyte, muscle strip, and isolated heart preparations, with early effects generally within 30 minutes and delayed effects thereafter and up to 48 to 72 hours (Tables 2 and 3 ). These studies have uniformly reported delayed cytokine-mediated depression of either basal 29 -40 or stimulated 36,41-54 myocardial function, but have reported conflicting results regarding the immediate effects, with the preponderance of in vitro and ex vivo studies also indicating early cytokine-induced cardiodepression. 3, 7, [33] [34] [35] Pressure-volume studies of the isolated, blood-perfused canine heart have shown that TNF-␣ acutely impacts LV mechanoenergetics by increasing the oxygen cost of contractility, an effect ascribed to alterations in energy utilization for excitationcontraction (E-C) coupling. 57 Coronary vasoconstriction also contributes indirectly to TNF-␣-induced early 65, 81 and late 31 contractile dysfunction in isolated, crystalloid-perfused rat hearts. In contrast, fewer studies support either an early stimulatory (or dual) effect 30, 31, 69, [82] [83] [84] or no detectable immediate contractile effect 7, 32, 38, 39, 44, 49, 85, 86 of specific proinflammatory cytokines.
The basis for the sometimes-discrepant results in the aforementioned studies regarding the immediate inotropic effects of cytokines is not fully clear but may be related to several factors. First, although single myocyte, papillary muscle, and isolated heart models can be manipulated with greater ease and higher specificity, they are inherently less physiological than the intact state, which is subject not only to direct myocardial effects but also to complex and integrated vascular, neural, hematologic/immunologic, and endocrino-logic changes effected by the cytokine(s) of interest. Thus, that the cardiac responses seen in the intact animal do not precisely parallel those in vitro is perhaps not surprising. Second, in physiological contexts, cytokines primarily act locally to induce effects that are determined not only by the 
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target cell type but also by the prevailing cellular and biological milieu. 87 Furthermore, cytokines are generally not elaborated in isolation but rather as part of a complex network involving multiple other cytokines and biologically active molecules. (For example, concomitantly elevated levels of several inflammatory mediators characterize pathologic states such as heart failure, myocarditis, and sepsis. 1,2,4,7,8 ) As different cytokines can have additive, synergistic, or antagonistic effects, 4, 7, 12, 29, 47, 88 this will complicate the responses seen in vivo or in blood-perfused ex vivo models, such that the end-effects may not be determined solely by the index cytokine. Third, the ambient cellular redox and/or metabolic state should be considered. As a case in point, one suggested mechanism of cytokine-mediated immediate cardiodepression is via sphingomyelinase activation and the production of sphingolipid mediators (vide infra). As intracellular glutathione (GSH) levels significantly modulate neutral sphingomyelinase activity, 84, 89, 90 oxidative stress and GSH depletion can influence the inotropic effects related to the activation of this pathway. Additionally, NO bioavailability is also significantly impacted by oxidant stress, [91] [92] [93] and NO-dependent cytokine responses may similarly depend on the redox state. Fourth, careful attention needs to be focused on the experimental methodology and cytokine concentrations used. In vitro, an immediate positive inotropic effect (when reported) generally occurs very early (within 5 to 15 minutes) after exposure and at lower cytokine concentrations, 30, 31, 69, 84 whereas negative inotropic effects become pronounced with longer periods of exposure and/or higher concentrations. Finally, Stamm et al 78 have reported significant speciesspecificity with regard to the inotropic effects of recombinant cytokines; this factor may also account for some of the variability among studies that have used cross-species sources of cytokines.
Mechanisms of Cytokine-Induced Modulation of Contractile Function
Immediate Effects
E-C Coupling
In general, cytokine-mediated alterations of the Ca 2ϩ transient parallel the inotropic response reported by the particular study. In adult mammalian cardiomyocytes, low concentrations of TNF-␣ (200 to 500 U/mL) acutely decrease action potential duration, the peak Ca 2ϩ transient amplitude, and the rate of Ca 2ϩ decline (suggesting alterations of sarcoplasmic reticular [SR] function), but without influencing the resting Ca 2ϩ level or the inward Ca 2ϩ current (I Ca ). 74, 75 Similar effects of TNF-␣ on the Ca 2ϩ transient were reported in the isolated heart model. 3, 78 Studies using very high concentrations of TNF-␣ (Ն10 000 U/mL) have reported variable effects. One study reported depression of peak Ca 2ϩ and inhibition of I Ca , 73 whereas another reported no change in Ca 2ϩ levels despite reduced contraction, suggesting reduced myofilament Ca 2ϩ sensitivity. 72 The depressant effects of TNF-␣ on E-C coupling appear to be selectively mediated by TNF receptor 1. 73, 94 In contrast, the few studies 30, 84 reporting an early cardiostimulatory effect of cytokines have shown TNF-␣mediated augmentation of the Ca 2ϩ transient and hastening of Ca 2ϩ decline, suggesting increased, rather than reduced, SR Ca 2ϩ ATPase activity. IL-6 35, 75 and IL-2 62, 77 have also been shown to acutely reduce peak intracellular Ca 2ϩ levels and Ca 2ϩ transient amplitude without changing I Ca . IL-2 specifically prolonged intracellular Ca 2ϩ decline, blunted the positive Ca 2ϩfrequency response and frequency dependence of caffeineinduced SR Ca 2ϩ release (indicating reduced SR Ca 2ϩ content and availability), and enhanced the Na ϩ -Ca 2ϩ exchange current. 77 In contrast, Liu and Schreur 79, 80 have shown that IL-1␤ reduces the L-type Ca 2ϩ current in adult rat ventricular myocytes via a pertussis toxin-insensitive G protein pathway, although the overall effects on the Ca 2ϩ transient and SR function were not described. Thus, there is strong evidence that proinflammatory cytokines rapidly alter E-C coupling and Ca 2ϩ homeostasis, albeit with demonstrable cytokine specificity ( Figure 2 ). TNF-␣, IL-2, and IL-6 primarily modulate SR Ca 2ϩ flux and Na ϩ -Ca 2ϩ exchange, with minimal effects on the L-type Ca 2ϩ channel (at least at low concentrations), whereas IL-1␤ has a more pronounced effect on I Ca .
cNOS and NO NO imparts cardiac effects via two general signaling modalities: (1) the activation of soluble guanylate cyclase and the formation of cGMP, which in turn activates protein kinase G (PKG) and PKG-dependent phosphorylation events; and (2) the direct oxidation of thiol residues on critical regulatory proteins (S-nitrosylation). 92, 93, 95 These events induce complex myocardial functional responses that include bimodal, Figure 2 . Cellular mechanisms underlying immediate cytokine-induced contractile effects. Proinflammatory cytokines modulate several signaling pathways that can ultimately impact contractile function (see text for details). Rapid activation of cNOS generates NO, with depression of Ca 2ϩ transients and myofilament Ca 2ϩ sensitivity via the production of cGMP and cGMP-dependent activation of PKG. cGMP/PKG also blunts cAMP/PKA-mediated effects, and NO can also directly depress mitochondrial (Mt) respiration, thus altering mechanoenergetics. In low concentrations, NO can also exert a positive inotropic effect (not shown). Cytokines such as TNF-␣ also deplete GSH and activate membrane-associated neutral sphingomyelinase (NSM), which in turn increases ceramide (C) and sphingosine levels. Sphingosine blunts the inward Ca 2ϩ current (I Ca,L ) and Ca 2ϩ release from the ryanodine receptor (RyR) of the SR. Ceramide also blunts I Ca,L . Cytokines also activate cytosolic PLA2 to generate AA, which can, under appropriate conditions, augment the Ca 2ϩ transient and contractility. Cytokines may also acutely impair ␤-AR coupling to AC via unclear mechanisms. Cross-talk likely occurs between these various pathways. Free fatty acids such as AA have been shown to activate NSM, and sphingosine 1-phosphate (S 1-P) can phosphorylate and activate cNOS. GSH, in turn, inhibits NSM activation. Thus, the ambient oxidant stress and metabolic state, along with the cytokine dose and applicable reflex effects, influences the relative activation of these pathways, resulting in responses that are either cardiostimulatory (with low concentrations and short exposure duration) or cardiodepressant (with higher concentrations and longer exposure time). PLB indicates phospholamban; SERCA, SR Ca 2ϩ ATPase; TnI, troponin I. concentration-dependent effects on contractility and the Ca 2ϩ transient, desensitization of the myofilaments to Ca 2ϩ , and suppression of mitochondrial respiration. A large number of studies, performed in a variety of experimental models, have examined whether NO, derived from cNOS, contributes to early cytokine-induced contractile dysfunction. These investigations have yielded variable (and sometimes conflicting) results. In a study of isolated, superfused hamster papillary muscles, Finkel et al 68 demonstrated that relatively high concentrations of rhTNF-␣, IL-2, or IL-6 (but not IL-1␣) profoundly depressed contractile function within 5 minutes, and that these effects were fully reversible on washout. The nonspecific NOS inhibitor N G -monomethyl-L-arginine blocked these effects, a response that was overcome by the addition of excess L-arginine. The rapid time course and reversibility of these effects implicated the activation of myocardial cNOS. Since this initial report, several additional studies have supported a role for cNOS-derived NO in the early negative inotropic effects of the following: (1) IL-2 in isolated, blood-perfused rabbit hearts 61 ; (2) IL-6 in avian 35 and mammalian 75 myocytes; and (3) TNF-␣ and/or IL-1␤ (alone or in combination) in adult 72 and neonatal 70 mammalian myocytes, guinea pig, 69 and rat 66 muscle strips, isolated crystalloid-perfused rat hearts, 34 and human atrial trabeculae. 64 In addition to acute contractile dysfunction, cNOS-derived NO has been linked to a variety of functional abnormalities including IL-6 -mediated depression of the Ca 2ϩ transient, 35, 75 TNF-␣-mediated reductions in myofilament Ca 2ϩ sensitivity, 72 and the deterioration of mechanical efficiency induced by a combination of IL-1␤, TNF-␣, and IFN-␥ ( Figure 2 ). 34 Several authors have further shown that these NO-mediated responses were cGMP dependent, requiring activation of soluble guanylate cyclase. 35, 70 Importantly, Kumar et al 70 demonstrated that although TNF-␣ and IL-1␤ increased the myocyte generation of NO gas, there was no difference in Ca 2ϩ -dependent (or independent) NOS activity measured in vitro. This suggested that cytokines impact cNOS activity by regulating cofactor and substrate conditions rather than via increases in abundance or fixed post-translational enzyme modifications. The above-mentioned studies have evaluated a wide range of cytokine concentrations (picomolar to nanomolar) and have uniformly used pharmacological NOS blockade and/or NO scavengers to probe the role of NO. To date, no studies have been performed in mice with genetic ablation of the cNOS isoforms, although this design would provide the most conclusive delineation of the role of cNOS in early cytokine-mediated contractile dysfunction.
Although these studies persuasively argue that cNOSderived NO has an important role in the pathogenesis of acute cytokine-mediated contractile dysfunction, they stand in direct contrast to several reports that dispute this notion. 32, 40, 74, 75 In isolated adult feline LVs and cardiomyocytes, Yokoyama et al 74 demonstrated that TNF-␣-dependent immediate reductions in contractility and Ca 2ϩ transients were not accompanied by increased NO oxidation products or cGMP production. Furthermore, the contractile dysfunction was not prevented by two different pharmacological NOS inhibitors. Other studies examining TNF-␣ and/or IL-1␤ in isolated rat hearts 40, 65 and guinea pig myocytes 32 have similarly failed to show an acute increase in NO oxidation products or cGMP and have also reported no effect of NOS inhibition on early cytokine-mediated cardiodepression. 65 The basis for the discrepancies between these studies is not entirely clear but may be related to species differences and differences in experimental models and conditions. Importantly, the magnitude of cNOS activation may be cytokine specific. In this regard, Sugushita et al 75 have demonstrated that in guinea pig myocytes, whereas both IL-6 and TNF-␣ reduced cell shortening and peak systolic Ca 2ϩ , NOS blockade prevented IL-6-mediated effects but had no effect on the response to TNF-␣. These and other investigators 63, 65, 75 have put forth a primary role for sphingosine as a mediator of the immediate negative inotropic effects of TNF-␣.
Sphingomyelinase-Dependent Signaling
In several cell types, cytokines such as TNF-␣ and IL-1 activate acid and neutral sphingomyelinases that hydrolyze the membrane lipid sphingomyelin to form ceramide. 63, 89, 90, 96 Ceramide in turn can be deacylated by acid or neutral ceramidase to yield sphingosine, which on subsequent phosphorylation by sphingosine kinase yields sphingosine 1-phosphate. In mammalian cardiomyocytes, exogenous sphingosine depresses contraction, reduces action potential duration, inhibits the inward L-type Ca 2ϩ current, and blocks Ca 2ϩ release from the SR ryanodine receptor, 75, 97, 98 thus recapitulating several cytokine-mediated alterations in E-C coupling. Membrane-permeable ceramide analogs have also been shown to inhibit the amplitude and inactivation rate of I Ca . 80 Several studies have demonstrated that sphingolipid-based signaling contributes to the negative inotropic effects of TNF-␣ ( Figure 2 ). In adult feline myocytes, Oral et al 63 showed that TNF-␣ rapidly activated (within 15 minutes) both neutral and acidic sphingomyelinase in a concentrationdependent manner, resulting in increased ceramide and free sphingosine levels. This effect correlated with TNF-␣-induced contractile depression, and was selectively mediated by TNF receptor 1, which parallels the receptor specificity for the induction of negative inotropy. 94 Furthermore, the contractile effects were abolished by ceramidase inhibition and overcome by the addition of sphingosine. The importance of sphingolipid-dependent signaling in the genesis of TNF-␣mediated myocardial dysfunction has been further confirmed in studies of adult guinea pig myocytes, 75 isolated rat 65, 78, 81 and rabbit 3 hearts, and rat right ventricular trabeculae. 66 Studies evaluating the role of sphingolipids in the mechanical effects of other proinflammatory cytokines are few. In a study of human atrial trabeculae, inhibition of either sphingosine generation or NO release prevented the early (and delayed) negative inotropic effects of TNF-␣ and IL-1␤, either alone or in combination. 64 Ceramide has also been proposed as the cellular mediator of IL-1␤-induced suppression of the L-type Ca 2ϩ current. 80 Although these studies have aptly demonstrated that sphingosine is an intracellular mediator of the negative inotropic effects of TNF-␣, several important points must be considered. First, neutral sphingomyelinase activity is inhibited by GSH, 89, 90 and TNF-␣-dependent activation of neutral sphingomyelinase requires the upstream event of GSH depletion also induced by TNF-␣. 90 Thus, the intracellular redox state is likely to be an important determinant of the magnitude of negative inotropy. Indeed, in a recent study performed in adult rat cardiomyocytes, Cailleret et al 84 demonstrated that antecedent in vivo administration of the GSH precursor N-acetylcysteine increased cardiac GSH content, prevented TNF-␣-induced free radical generation and neutral sphingomyelinase activation, and uncovered a sustained positive inotropic response (over 30 minutes) to TNF-␣, consisting of increased Ca 2ϩ transient amplitude, increased contraction and accelerated relaxation, and increased phospholamban phosphorylation, changes that were directionally opposite from those observed in control rat myocytes. Second, neutral sphingomyelinase activity is enhanced by exogenous free fatty acids, including AA, as well as by the endogenous activation of phospholipase A2 (PLA2), 96, 99 thus implicating a link between these two signaling pathways in cytokinemediated contractile changes (vide infra). Lastly, it is intriguing to note that in endothelial cells, sphingosine 1-phosphate signals through the endothelial differentiation gene (EDG)-1 receptor to activate Akt and phosphoinositide 3-kinase, resulting in cNOS phosphorylation and NO release. 100 As cardiomyocytes also express the EDG-1 receptor, 101 this raises the interesting possibility that sphingomyelinase and cNOS are activated in a parallel fashion and that both sphingosine and NO mediate the ensuing contractile response, although this hypothesis has not been tested directly.
PLA2 and AA
On binding to their cognate cell-surface receptors, TNF-␣ and IL-1␤ rapidly stimulate PLA2 within 5 to 10 minutes and subsequently increase AA release. 30, 96, 102 In vitro and isolated cell studies indicate that cytokine-mediated PLA2 activation precedes sphingomyelin hydrolysis and that AA in turn activates neutral sphingomyelinase. 89, 96, 99 In isolated myocytes, AA has a dual effect on contraction and Ca 2ϩ transients that is both concentration and time dependent, with stimulatory responses evident at low micromolar (Ͻ10 mol/L) concentrations and shorter duration of exposure (5 to 30 minutes), and depressant responses evident at higher concentrations and longer exposure times. 30, [103] [104] [105] A recent study in adult rat cardiomyocytes suggested that AA is responsible for the dual contractile effect of TNF-␣, as PLA2 inhibition abrogated both the positive and negative inotropic responses attributable to TNF-␣, an effect that could be overcome with exogenous AA. 30 There was no demonstrable effect with either lipoxygenase or cyclooxygenase inhibitors, the latter confirming a previous study of isolated feline myocytes, 74 implicating AA rather than a downstream metabolite. Further, ceramidase inhibition abolished the negative inotropic effects and unmasked a sustained stimulatory effect on contraction, even at higher TNF-␣ concentrations, a finding echoed by another study using GSH repletion to inhibit neutral sphingomyelinase. 84 These few studies suggest that cytokinemediated PLA2 activation is upstream of sphingomyelinase activation and that the AA generated initially induces a direct cardiostimulatory effect that is subsequently followed by AA-mediated sphingomyelinase activation, the formation of sphingolipid messengers, and negative inotropy (Figure 2 ). Earlier studies in isolated rat atria also suggested that PLA2derived AA was required for the development of an early IL-2-induced positive inotropic response. 82, 83 Further studies are thereby warranted to delineate the role of PLA2 and AA in cytokine-induced contractile effects.
Other Mechanisms
One well-known facet of delayed cytokine-induced contractile dysfunction is impaired ␤-AR responsiveness (vide infra). However, some studies have suggested that this also occurs acutely after exposure to cytokines (Figure 2 ). In isolated mammalian myocytes, within minutes of exposure to cytokines such as TNF-␣, IL-1␤, and IL-6, there is an inhibition of catecholamine-stimulated contractility, 71, 75 cAMP generation, 71 and I Ca augmentation. 75, 76 The mechanism for this defect in ␤-AR signal transduction is not clear, although one study 76 suggested a mechanism unrelated to alterations in ␤-AR binding, adenylyl cyclase (AC) activity, or cAMP. Finally, in another isolated myocyte study, IL-2 was shown to reduce cell contraction and Ca 2ϩ transients via the cardiac opioid receptor, a mechanism dependent on pertussis toxinsensitive G protein and phospholipase C. 62 Further studies are needed to determine the mechanistic role of these signal transduction pathways.
Delayed Effects
Altered ␤-AR Signaling A hallmark of the delayed contractile dysfunction induced by cytokines is impaired ␤-AR sensitivity, mediated both by NO-dependent mechanisms as well as by an apparently NOand cGMP-independent functional uncoupling of the ␤-AR to AC (Figure 3 ). Elegant studies by Gulick et al 49 and Chung et al 50 in neonatal rat myocytes demonstrated that prolonged exposure (Ͼ24 to 48 hours) to IL-1␤ and TNF-␣ in the supernatants from activated immune cells reduced contractility augmentation and cAMP accumulation in response to ␤-AR stimulation with isoproterenol, but had no adverse effect on Ca 2ϩ -mediated contractility or forskolin-stimulated cAMP accumulation. This occurred without changes in ␤-AR density or binding affinity, was unaffected by phosphodiesterase (PDE) inhibition, and was entirely reversible by 72 hours after supernatant removal. Subsequent studies 53,54 also demonstrated uncoupling of ␤-AR stimulation to both cAMP accumulation and I Ca augmentation after prolonged (Ͼ1 hour) exposure to the cytokines IL-1␤ and TNF-␣, despite intact responses of both to forskolin stimulation. Although several groups have reported that the cytokine-mediated loss of ␤-AR responsiveness is dependent on iNOS-derived NO and cGMP activation of PDE II and PKG (vide infra), the preserved forskolin-stimulated AC activity and lack of effect of PDE inhibition in these studies suggested mechanisms independent of cGMP.
Chung et al 50 further showed that G i inhibition restored cytokine-mediated alterations in the ␤-AR response toward normal, supporting delayed uncoupling of agonist occupied ␤-ARs to cAMP production at the level of G-protein interaction with AC. The precise mechanism of this uncoupling has not been fully defined. Some, 106, 107 but not all, 52 studies have shown that prolonged exposure to cytokines such as TNF-␣ upregulates membrane G i proteins in cardiomyocytes. Alternatively, structural and modeling studies have shown that via S-nitrosylation of a surface accessible cysteine residue, NO can directly modulate the function of the small G-protein p21 ras and trigger guanine nucleotide exchange. 108 Theoretically, NO may analogously modulate ␤-ARcoupled G proteins, although whether such a mechanism exists to link NO generation and ␤-AR uncoupling after prolonged cytokine exposure is unknown. Furthermore, in neonatal rat cardiomyocytes, it has been demonstrated that prolonged exposure to low nanomolar concentrations of TNF-␣ is insufficient to induce iNOS and increase NO content and yet still results in loss of ␤-AR responsiveness, supporting, at least in part, a NO-independent mechanism for reduced ␤-AR sensitivity. 42, 43 
iNOS-Derived NO and Loss of ␤-AR Responsiveness
Several studies have implicated NO, derived from iNOS, as a mediator of delayed cytokine-induced contractile dysfunction, either under basal conditions 19, [31] [32] [33] [34] [35] [36] [37] [38] 64 and/or on ␤-AR 36,44 -47,52,54,88,109,110 or rate-related 48 inotropic stimulation. In a series of experiments, 44 -47,52,88 Balligand, Ungureanu-Longrois, and coworkers demonstrated that on prolonged (24-hour) exposure to either culture supernatants conditioned by endotoxin-activated rat macrophages or to combinations of specific cytokines, adult rat ventricular myocytes lose ␤-AR responsiveness but maintain contraction under basal conditions. Such exposure was coincident with cardiomyocyte induction of iNOS, 45, 47 increased cGMP and nitrite content in the medium, 44, 52 and directly measured NO release. 45 Furthermore, ␤-AR hyporesponsiveness was completely reversed by concomitant treatment with NOS inhibitors and could be reproduced on coculture of myocytes with cytokine-treated, iNOS-expressing cardiac endothelial cells, 46 strongly implicating iNOS-derived NO in the pathogenesis of delayed contractile dysfunction. Other groups also demonstrated that adult cardiomyocytes exposed to a combination of TNF-␣, IL-1␤, and IFN-␥ for 24 hours had iNOS induction, increased NO synthesis, and increased cell death. 111 These effects were prevented either by the addition of NOS inhibitors or cotreatment with transforming growth factor-␤ (TGF-␤), which has been shown to downregulate iNOS. 46 TGF-␤ has also been shown to antagonize IL-1␤-induced suppression of beating rate in neonatal rat myocytes, 29 suggesting that TGF-␤, via its effects on iNOS-derived NO, can be an endogenous modulator of myocyte functional responses to proinflammatory cytokines.
Importantly, no depression of basal (unstimulated) contraction was evident in these isolated myocyte studies, although this feature is a central component of the cytokine response in the intact animal and in isolated hearts. Additionally, the functional results depended not just on iNOS induction but also on the specific combinations of cytokines used, findings consistent with the synergistic cardiodepressant effects of the proinflammatory cytokines IL-1␤, TNF-␣, and IFN-␥ noted in several studies, 7, 12, 31, 34, 46, 47, 64, 70, 88, 102 whereby these cytokines in combination impart significantly greater negative inotropy and at substantially lower concentrations than if given alone.
NO-mediated depression of the ␤-adrenergic response is primarily dependent on cGMP mechanisms, including stimulation of PDE II with attendant augmentation of cAMP degradation and activation of PKG with downregulation of L-type Ca 2ϩ currents stimulated by cAMP-dependent PKA. 52, 92, 93, 112, 113 The signal transduction pathways that link cytokines and iNOS induction are cytokine-and cell-type specific. 48, 114 In myocardium, upregulation of iNOS activity is evident by 2 hours of exposure to a combination of IL-1␤ and TNF-␣ 31, 115 or to IL-6 alone. 48 IFN-␥ acts synergistically with IL-1␤ and TNF-␣ to potentiate the induction of iNOS, 34, 38, 45, 47, 88 whereas TGF-␤ antagonizes this re- Figure 3 . Delayed negative inotropic effects of cytokines. Over the long term, cytokines (1) increase production of iNOS with high-output NO generation, (2) increase generation of ROS, and (3) induce ␤-AR uncoupling. In addition to direct ␤-AR uncoupling that is presumably NO-independent, NO-induced formation of cGMP and subsequent activation of PKG and PDE II also blunt ␤-AR responsiveness in response to sustained cytokine activation. PKG-mediated phosphorylation of troponin I (with attenuation of myofilament Ca 2ϩ sensitivity) can also blunt basal contraction. Concomitantly, high levels of both nitrosative and oxidative stress result in peroxynitrite formation, S-nitrosylation, and covalent protein-thiol modifications of critical amino acid residues that cumulatively impair basal contractility. Cytokines also enhance tissue infiltration of inflammatory cells, which can serve as sources for ROS and iNOS-derived NO, and augment contractile dysfunction secondary to direct cell-to-cell interactions.
sponse. 29, 45, 46, 111, 116 Furthermore, as compared with IL-1␤, TNF-␣ is a less potent inducer of iNOS. 32, 42, 47 In adult rat ventricular myocytes, IL-6 -induced activation of iNOS proceeds via the JAK2/STAT3 pathway, 48 whereas of extracellular signal-regulated kinases 1 and 2 and PKC activation are necessary for iNOS induction by IL-1␤ and IFN-␥. 114 Recent insights from transgenic mice with cardiac-specific overexpression of TNF-␣ further underscore the importance of iNOS-derived NO in the pathogenesis of long-term cytokine-mediated contractile dysfunction. 109, 110 In these animals, the short-term administration of a selective iNOS inhibitor (ONO-1714) significantly improved ␤-AR responsiveness but did not alter the depressed contractility at baseline. Similar effects were seen on crossing these mice with iNOS null mice: ␤-AR stimulated inotropy improved in TNF-␣ transgenic mice with iNOS disruption, but the cardiac dysfunction, hypertrophy, and inflammation evident at baseline did not. Similarly, we have shown that after the establishment of TNF-␣-mediated cardiac dysfunction in conscious dogs, systemic NOS inhibition does not improve baseline contractile function but rather exacerbates it because of increased afterload. 25 The lack of a beneficial effect of NOS blockade on basal cytokine-induced myocardial dysfunction has also been reported in a study of myocytes isolated from rats receiving a 15-day continuous infusion of TNF-␣. 18 Taken together, these results support the idea that iNOS-derived NO contributes importantly to reduced ␤-AR responsiveness in chronic cytokine-mediated cardiac dysfunction and that these effects are acutely reversible on NOS blockade, but that other mechanisms (either NO-independent or NO-mediated effects that are less readily reversible) are of greater importance in baseline cardiac dysfunction.
Depression of Basal Contractility: Role of Nitrosative and Oxidative Stress
Although delineated in some studies of isolated cardiomyocytes, 29, 32, 35, 37, 116 delayed cytokine-mediated depression of basal, unstimulated contractility has been more uniformly described at higher experimental organizational levels, including the intact LV (isolated hearts or whole animals), 13,18,19,21-27,31,34,38 -40 multicellular preparations such as papillary muscles and atrial trabeculae, 33, 36, 64 and in transgenic mice with cardiac-specific overexpression of TNF-␣. 109, 110 Most studies have implicated cytokine-mediated induction of iNOS gene expression, de novo iNOS protein synthesis, and increased NO generation in the depression of basal mechanical function (Figure 3 ). 19, 27, [31] [32] [33] [34] [35] [36] [37] [38] [39] 64, 116 In this context, modulation of basal function by NO may be more dependent on S-nitrosylation of thiol residues of important regulatory proteins. 92, 93, 112, 117 Consistent with this notion, studies in isolated myocytes have demonstrated that the late (24 to 48 hours of exposure) contractile dysfunction induced by IL-6 is linked to NO-dependent depression of the Ca 2ϩ transient 35 and that within a similar time frame, IL-1␤ causes a NO-dependent (but cGMP-independent) inhibition of oxidant-sensitive mitochondrial enzymes and the inward Ca 2ϩ current, resulting in inhibition of mitochondrial respiration, energy depletion, and depressed contraction. 37 As S-nitrosylation is a redox-driven event, 118 ambient levels of ROS significantly modulate the ensuing covalent proteinthiol modifications and the ultimate balance between nitrosative and oxidative stress. 91 If cytokine stimulation induces high-output iNOS, the high levels of NO generated would be expected to result in secondary oxidative modifications in the presence of superoxide. 91, 118 Indeed, several studies have established that cytokine-mediated contractile dysfunction results not only from increased iNOS-derived NO but also from increased ROS generation and peroxynitrite formation (Figure 3) . 19, 27, 34, 38, 39 In the isolated working rat heart model, Ferdinandy et al 38 demonstrated that the combination of IL-1␤, IFN-␥, and TNF-␣ induced in a marked decline in contractility over 20 minutes that was preceded by an augmentation of the activity of the superoxide sources xanthine oxidoreductase and NAD(P)H oxidase, together with enhanced activity of iNOS. This was accompanied by increased myocardial content of NO, superoxide, and the peroxynitrite markers nitrotyrosine and dityrosine. Furthermore, cardiac dysfunction and nitrotyrosine levels were inhibited by concomitant administration (individually) of a NOS inhibitor, superoxide scavenger, and peroxynitrite decomposition catalyst.
Studies using an in vivo canine model of IL-1␤-mediated chronic cardiac dysfunction have similarly demonstrated the importance of superoxide and peroxynitrite. 19, 27 Coronary injection of IL-1␤ coated microspheres (but not control microspheres) resulted in increased myocardial superoxide, nitrotyrosine, and persistent LV dysfunction at 7 days, effects that were prevented by concomitant treatment with dexamethasone, iNOS inhibition with aminoguanidine, or pharmacological inhibition of superoxide production. These authors also suggested that inflammatory cells infiltrating in response to cytokines may contribute to superoxide generation as inhibition of the adhesion molecule P-selectin ameliorated the LV dysfunction. 26 These findings are consistent with the demonstration that cell-to-cell contact between inflammatory cells (macrophages) and myocytes enhances the delayed contractile dysfunction induced by the TNF-␣ and IL-1␤ because of the production of ROS and NO (Figure 3 ). 119 As oxidative modifications attributable to peroxynitrite would tend to be irreversible, 118 post hoc inhibition of NO generation would not be expected to reverse the mechanical dysfunction. Indeed, whereas NOS inhibitors given concurrently with cytokines improves the delayed contractile dysfunction that is manifested in vivo, 19 NOS inhibition after the establishment of cytokinemediated dysfunction does not acutely reverse the loss of contractile function. 25 
Other Mechanisms
Two studies have also suggested that sustained activation of sphingomyelinase pathways also contributes to chronic TNF-␣-induced contractile dysfunction. Ceramidase inhibition, but not NOS inhibition, partially restored the depressed cell contraction evident in cardiomyocytes isolated from rats administered a sustained infusion of TNF-␣. 18 Similarly, ceramidase inhibition improved TNF-␣dependent delayed cardiac dysfunction in an isolated rat heart model. 40 Additionally, it has been shown that sphingomyelinase-dependent signaling stimulates the expression of iNOS in cytokine-or lipopolysaccharide (LPS)-stimulated astrocytes. 120 Thus, the possibility exists that sphingolipid mediators may contribute to cytokine-induced expression of iNOS, although whether this occurs in myocytes has not been examined.
Conclusion
Proinflammatory cytokines impact cardiac mechanical function in a temporally dependent, biphasic manner. The early phase is characterized by the rapid activation of cellular signaling mechanisms that are likely interrelated, involving sphingolipid, phospholipid, and cNOS-derived NOdependent pathways. The response evoked may be either cardiostimulatory or cardiodepressant, depending on the prevailing cellular and biological milieu, specifically with regard to the redox and metabolic state, the magnitude of extracardiac adaptive and reflex responses, and the synergistic and/or counter-regulatory effects of several cytokines acting in concert. All of these variables will thus influence cytokinemediated cardiac responses triggered by acute stress. The early response is subsequently followed by a more prolonged, delayed phase that uniformly demonstrates depression of both basal and stimulated contractility. This response is dependent on a variety of factors including ␤-AR uncoupling, de novo induction of iNOS, and oxidative and nitrosative stress, together with persistent activation of sphingomyelinasedependent pathways. These responses are likely to be of greater prominence in pathological states that are characterized by sustained and pronounced elevations of an extensive portfolio of proinflammatory cytokines and have broader relevance in the context of myocardial adaptation (and maladaptation) to chronic inflammatory activation, such as occurs in heart failure, myocarditis, sepsis and allograft rejection. Substantial effort should be put forth in delineating the relative importance of and complex interrelationships between the various cellular mechanisms underlying cytokine-induced functional effects on the heart, so that this understanding can be successfully translated into more effective therapies.
